The new rifamycin derivatives KRM-1657 and KRM-1648 were evaluated for their in vitro antimicrobial activities against 44 strains of Helicobacter pylori. Although the drugs were not very active against other gram-negative bacteria, the MICs at which 90% of isolates are inhibited for these drugs were lower (0.002 and 0.008 g/ml, respectively) than those of amoxicillin and rifampin for H. pylori. Time-kill studies revealed that the bactericidal activities of these agents were due to cell lysis. The results presented here indicate that these new rifamycin derivatives may be useful for the eradication of H. pylori infections.
from biopsy specimens from patients undergoing upper gastrointestinal endoscopy at the University Hospital, Yamaguchi University School of Medicine, Ube, Japan, were studied. Four clarithromycin-resistant strains, three metronidazoleresistant strains, and two strains resistant to both clarithromycin and metronidazole were isolated in Oita Medical University, Oita, Japan, and were also studied. The sources of these strains were patients with gastric ulcers (20 strains), duodenal ulcers (6 strains), gastroduodenal ulcers (2 strains), gastric cancer (8 strains), chronic gastritis (6 strains), and duodenitis (1 strain). We used Mueller-Hinton broth (Difco Laboratories, Detroit, Mich.) containing 5% (wt/vol) horse serum (Gibco BRL, Rockville, Md.) and solidified it with 1.3% agar (Nakarai, Kyoto, Japan) to make an agar medium. The bacteria were inoculated into 18-mm-diameter tubes containing 5 ml of broth medium or into 25-ml flasks containing 10 ml of broth medium, and the tubes and flasks were incubated at 37°C with shaking on a rotating shaker (150 rpm) in a chamber filled with 15% CO 2 . The agar plates were incubated in a gas mixture (10% CO 2 , 5% O 2 , 85% N 2 ) at 37°C for 4 days under high humidity.
MICs. The MICs of KRM-1648, KRM-1657, rifampin, and amoxicillin were determined in duplicate by the twofold serial agar dilution method. Stock solutions were diluted in 0.1 M sodium-potassium phosphate buffer (pH 7.0) and were serially diluted with the buffer. Drug solutions with volumes equal to 1/10 the volume of the agar medium were added to make drug-supplemented agar plates. Agar plates with drug concentrations greater than 1 g/ml were prepared by adding a stock solution directly to the agar medium. Overnight cultures in 5 ml of broth medium were adjusted to an optical density at 590 nm of 0.2, and inocula were spotted onto drug-supplemented agar plates by using a 96-well inoculator. The bacterial counts in each spot (approximately 1 l) were between 5 ϫ 10 3 and 1 ϫ 10 4 CFU (corresponding to 5 ϫ 10 6 and 1 ϫ 10 7 CFU/ml, respectively).
To determine the MICs at a lower pH, Muller-Hinton broth was adjusted to pH 7.0 or pH 5.0 with HCl, solidified, autoclaved, and supplemented with 1/20 the final volume of 5 horse serum and 1/10 the volume of the drug solutions serially diluted with 0.1 M sodium-potassium phosphate buffer (pH 7.0 or pH 5.0) to make the agar plates. The final pH values were 7.4 and 5.4, as determined with broth medium without agar prepared by the same procedure described above. Two of the several strains tested showed satisfactory growth on the agar medium at pH 5.4.
Stability of KRM-1648 in an acidic environment. To determine the stability of KRM-1648 in medium with an acidic pH, 20 mg of KRM-1648 dissolved in 200 ml of 0.01 N HCl (0.1 mg/ml; pH 2) in duplicate was incubated at 37°C. After 1, 2, 5, 8, and 24 h, the amounts of KRM-1648 in a 20-l solution were determined by high-pressure liquid chromatography.
Time-kill bactericidal activity studies. Time-kill studies were performed by the method of Coudron and Stratton (6, 7) . H. pylori HPK5 bacteria cultured overnight in 10 ml of broth medium were inoculated at a density of 3 ϫ 10 6 CFU/ml into a 25-ml flask containing 10 ml of drug-supplemented broth medium. At 0, 3, and 24 h, the samples were removed and serially diluted with saline, 20-l aliquots were spotted in duplicate onto agar plates, the agar plates were incubated, and the numbers of CFU were determined. The lowest level of accurate cell detection was 100 CFU/ml. In addition, undiluted samples were spread onto glass slides and were Gram stained to determine the cell morphology.
Antibiotic-resistant mutants. The occurrence of spontaneous antibiotic-resistant mutants was determined with six strains of H. pylori. The bacteria were grown in 10 ml of broth medium overnight; 1-ml aliquots of each culture containing approximately 10 8 bacteria were centrifuged, suspended in 0.2 ml of broth medium, and plated onto drug-supplemented agar medium; and the plates were incubated for 4 days. In addition, the inoculum of each strain was determined after appropriate dilution and plating on drug-free agar plates. The number of bacterial colonies on agar plates was counted, and the frequency of occurrence of spontaneous mutants was determined. Resistant mutants were isolated by a single-colony isolation procedure by streaking a colony once on the same drug-supplemented agar medium followed by streaking of the colony on drug-free agar medium.
Incorporation of 14 C-labeled KRM-1648 into H. pylori cells. Measurement of the incorporation of KRM-1648 was performed as described previously (9) . In brief, H. pylori NCTC11637 and its KRM-1648-resistant mutant, NCTC11637-K48 r , which were grown in broth medium, were inoculated into 10 ml of broth medium to an optical density at 590 nm of 0.1. [ 14 C]KRM-1648 (0.51 kBq/mol) was added to a final concentration of 1 g/ml, and the reaction mixture was incubated at 37°C. At indicated times, 1 ml of each of the incubated suspensions was applied to a cellulose-nitrate filter (pore size, 0.45 m; ADVANTEC, Tokyo, Japan); filtered; washed successively with distilled water (30 ml), 0.5% trichloroacetic acid (30 ml), and 95% ethanol (2 ml); and air dried. The radioactivity was then determined with a Packard 3255 liquid scintillation counter. The incorporation experiment was performed in triplicate.
RESULTS

MICs of KRM-1648 and KRM-1657.
The MICs of KRM-1648, KRM-1657, and rifampin for 44 H. pylori strains and those of amoxicillin for 24 strains are presented in Fig. 1 . KRM-1657 and KRM-1648 exhibited more potent antimicrobial activities (MICs at which 50 and 90% of isolates are inhibited [MIC 50 and MIC 90 , respectively] for KRM-1657, 0.001 and 0.002 g/ml, respectively; MIC 50 and MIC 90 of KRM-1648, 0.004 and 0.008 g/ml, respectively) than amoxicillin (MIC 50 and MIC 90 , 0.031 and 0.063 g/ml, respectively) and rifampin (MIC 50 and MIC 90 , 1 and 4 g/ml, respectively). When the MICs and the type of disease in the patient from whom the strain was isolated were compared, there was no correlation between the MICs and disease type for any drug (data not shown). Clinically isolated strains that are resistant to clarithromycin and/or metronidazole showed levels of susceptibility to rifampin, KRM-1648, and KRM-1657 similar to those of the drug-sensitive strains. An antimicrobial agent that is commonly used for the treatment of H. pylori infection (clarithromycin) is known to be less active at lower pH (5) . In fact, as shown in Table 1 , lowering of the pH resulted in a more than eightfold increase in the MICs of clarithromycin. On the other hand, the MICs of KRM-1648 and KRM-1657 did not change by lowering the pH. We could not determine the MICs at pH values lower than 5.4 because of the inability of most H. pylori strains to grow at those pHs.
Stability of KRM-1648 in an acidic environment. To determine the stability of KRM-1648 in the acidic stomach, we incubated KRM-1648 (0.1 mg/ml) at pH 2.0 and 37°C. After incubation for 8 and 24 h, 95.8 and 87% of the KRM-1648, respectively, remained, suggesting that it is stable in an acidic environment.
Time-kill studies. H. pylori HPK5 was inoculated in broth medium containing various drugs at the MIC or at 10ϫ the MIC, and the CFUs were determined at 0, 3, and 24 h (Fig. 2 ). KRM-1657 at 0.001 g/ml (1ϫ the MIC) produced a 1-log reduction in the numbers of CFU per milliliter relative to the numbers in the inoculum at 3 h and produced more than a 3-log decrease at 24 h. The numbers of CFU at 24 h in the broth medium containing KRM-1657 at 0.01 g/ml (10ϫ the MIC) or KRM-1648 at 0.04 g/ml (10ϫ the MIC) were more than 4.5 logs lower than those in the control at 0 h, indicating the potent bactericidal activities of the drugs. Rifampin at 2.5 g/ml (10ϫ the MIC) also produced a 2-log reduction at 24 h, whereas amoxicillin at 0.031 g/ml (1ϫ the MIC) and 0.31 g/ml (10ϫ the MIC) produced only a 1-log decrease in the numbers of CFU per milliliter after 24 h.
Morphological studies performed by Gram staining revealed that cell lysis occurred after incubation with 0.001 g of KRM-1657 per ml for 24 h (Fig. 3B) , whereas the control culture did not show cell lysis (Fig. 3A ). Similar morphological changes were observed when the cells were incubated with 0.04 g of KRM-1648 per ml for 24 h (Fig. 3C) . In contrast, amoxicillin treatment produced coccoid forms. When the cells were incu- . 3D ). When the cells were incubated with 0.031 g of amoxicillin per ml for 24 h, large coccoid forms were predominant (Fig. 3E) .
Only a few coccoid forms with irregular morphologies appeared among the KRM-treated cells.
Antibiotic-resistant mutants. The frequency of occurrence of spontaneous antibiotic-resistant mutants from six strains of H. pylori is presented in Table 2 . The concentrations of each drug used for selection were 50 g/ml for rifampin, 3.1 g/ml for KRM-1648, 0.1 g/ml for KRM-1657, and 3.1 g/ml for amoxicillin. Colonies that grew on selective agar plates were considered resistant to the respective drug. The frequencies of occurrence of mutants resistant to KRM-1657, KRM-1648, and rifampin were similar for a given strain but varied from strain to strain, ranging from 2.0 ϫ 10 Ϫ6 to 1.9 ϫ 10 Ϫ8 . No amoxicillin-resistant mutant appeared. We then isolated mutant clones resistant to KRM-1657, KRM-1648, or rifampin, and the MICs of these drugs were evaluated ( Table 2) . All mutant clones selected on plates containing one of the rifamycin drugs was resistant to the other agents as well, indicating cross-resistance. On the contrary, no cross-resistance with rifamycin agents was seen for clarithromycin or amoxicillin (data not shown).
We could see some correlation between the MICs of rifampin and selection frequency; selection frequencies for strains for which rifampin MICs were lower, such as NCTC11637 and CPY3401, were lower, while selection fre-quencies for strains for which MICs were higher, such as CPY1124 and CPY3281, were higher. Such a correlation was not observed with KRM-1648 or KRM-1657, which have potent antimicrobial activities.
Incorporation of [ 14 C]KRM-1648 into H. pylori. The crossresistance among rifamycin agents suggested that drug resistance is caused by point mutations in RNA polymerase, as for other bacteria (16) . However, previous results suggested the involvement in gram-negative bacteria of a multidrug efflux system that causes an apparent decrease in the level of drug incorporation (9) . To see whether H. pylori NCTC11637 and a KRM-1648-resistant clone (NCTC11637-K48 r ) have such an efflux system, we determined the rate of incorporation of [ 14 C]KRM-1648 (Fig. 4) . The radioactivity of KRM-1648 in both the parental and the mutant cells increased in a timedependent manner, reaching ca. 1,800 to 2,000 dpm/mg (dry weight) during the first 1.5 h. Thus, the rifamycin agent is incorporated irrespective of the resistance phenotype.
DISCUSSION
Following the recognition of the important pathogenic role of H. pylori infection in the development of gastroduodenal diseases, there has been a continuous search for improved eradication therapy. In the present study we tested the antimicrobial activities of newly synthesized rifamycin derivatives against 44 strains of H. pylori. The MIC 90 s of KRM-1657 and KRM-1648 were 0.002 and 0.008 g/ml, respectively, which were lower than those of amoxicillin (0.063 g/ml; this study) (14) , clarithromycin (14) , ciprofloxacin (14) , tetracycline (14) , tobramycin (14) , metronidazole (14) , rifampin (4 g/ml; this study), and rifaximin (15) . Time-kill studies revealed the antimicrobial activities of the KRM compounds to be bactericidal, resulting in cell lysis after incubation for 24 h with KRM-1657 at a concentration 0.001 g/ml.
Several studies demonstrated that amoxicillin treatment of H. pylori can result in the development of coccoid forms (2, 4) , as was also found in the present study. It has been postulated that the coccoid forms are a nonculturable, dormant stage of H. pylori and that they play a role in the survival of the bacterium in hostile environments (1, 4, 26) . Although the coccoid forms induced by aerobiosis in the presence of a bactericidal antibiotic have been postulated to be a manifestation of cell death (17) , under microaerobic conditions the amoxicillin-induced coccoid form might not be such a manifestation. H. pylori is highly susceptible to amoxicillin in vitro, but amoxicillin alone has little curative effect in clinical applications. The possibility remained, therefore, that the coccoid form, if induced in the stomach by amoxicillin, might be viable and even infectious. In contrast to amoxicillin, KRM-1657 and KRM-1648 do not induce a transition from the spiral to the coccoid form. In addition, these agents appear to be stable under acidic conditions, which may help to preserve their antimicrobial activities in the stomach.
KRM-1648 is known to exhibit potent activity in vitro and in vivo against gram-positive bacteria, but it is not generally effective against gram-negative bacteria (10, 25) . It is well established that the antimicrobial activity of rifamycin is due to inhibition of microbial DNA-dependent RNA polymerases (9, 16) . The mechanisms of action of the antimicrobial activity of KRM-1648 against M. avium and E. coli have been studied previously (9) . RNA polymerases from M. avium and E. coli are similarly inhibited, but the level of uptake of [ 14 C]KRM-1648 by M. avium is much greater than that by E. coli, possibly because E. coli has AcrAB, a multidrug efflux system involved in resistance to antibiotics such as ␤-lactams, tetracycline, and rifampin (19) . We isolated spontaneous mutants resistant to rifampin and showed that cross-resistance to KRM-1648 or KRM-1657 but not to clarithromycin or amoxicillin occurred. In addition, radioactive KRM-1648 was taken up by H. pylori NCTC11637 and by a KRM-1648-resistant mutant at similar rates. These results are consistent with the assumption that the antimicrobial activities of these KRM agents are due to their inhibitory actions on RNA polymerase. Genomic sequencing of H. pylori 26695 revealed that the genes encoding the ␤ and ␤Ј subunits of RNA polymerase are fused and that an AcrB orthologue that is involved in the efflux of rifampin in other bacteria is present (27) . The extremely high degree of susceptibility of H. pylori to KRM-1657 and KRM-1648 might be related to some unique features of the RNA polymerase and/or to the specificity of the multidrug efflux system.
Taken together, the results presented here indicate that the new rifamycin derivatives KRM-1657 and KRM-1648 are active against H. pylori at very low concentrations. Further studies are needed to determine if these compounds can be used to eradicate H. pylori in vivo.
